As important lightweight structural materials, cast aluminum alloys have been largely used in the transportation and aerospace industries. In general, Al-Si-based alloys comprise more than 90% of all castings due to their excellent castability and corrosion resistance. However, even though various reinforcements have been introduced, the strength of these alloys is not that high, which severely limits their use for certain high-performance applications. Here, we report on a new strategy and technology to reinforce Al-Si alloys to increase their yield strength into thẽ 400-660 MPa range, a level that is 29-113% higher than that of all current cast Al-Si alloys, laboratory or commercial, and comparable to that of many high-strength steels but with~40% lower density. By introducing continuous Ti-6Al-4V reinforcements into the Al-Si matrix through a novel microcasting process, the yield strength of the resulting alloy can be enhanced to between 4 and 6 times higher than that of the pure Al-Si alloy. The extraordinary reinforcing effect originates from the occurrence of multiscale strengthening mechanisms, including macroscale compound strengthening (the rule of mixtures amended by crack arrest mechanism), mesoscale straingradient strengthening, and microscale interface-affected-zone and nanoparticle strengthening. The core principle of our material design is to make all components of the composite fully participate in plastic (compatible) deformation, and thus, continuous reinforcements, instead of discrete reinforced structures (e.g., particles, whiskers, and short fibers), were introduced into the Al-Si alloy. Combined with 3-D printing technology, the present microcasting process can realize strengthening at the designed position by architecting specific reinforcements in the matrix.
Introduction
Aluminum-matrix composites (AMCs) are attractive and viable candidates for many military, aerospace, and automobile applications 1 due to their light weight and high performance compared to that of many conventional casting metals and alloys. During the past decade, AMCs with different types of reinforcements, such as particles 2 , whiskers 3 , fibers, 4 and sheets 5 , have been produced to permit such composite alloys to be utilized in many practical applications 1, 6, 7 . Though many improvements have been made, the reality is that the degree of strengthening remains relatively low, especially when discontinuous reinforcements are employed. The basic reason for this situation lies in the fact that most reinforcements are much harder and stronger than the aluminum matrix so that strengthening is mainly accomplished by the reinforcement restricting the deformation of the aluminum matrix. In other words, the reinforcements themselves do not deform and thus only minimally participate in accommodating the external force with the matrix. However, when continuous fibers have been used to reinforce AMCs, invariably only one direction-the tension direction-is effectively reinforced, despite the high cost and complexities of fabricating these materials; accordingly, the use of these continuously reinforced AMCs has been limited and restricted to aerospace structures 8 . In light of these facts, alternative strengthening mechanisms would be desirable for AMCs to meet today's ever-increasing demand for higher strength low-density materials.
Significant developments have been achieved in recent years in processing metals with excellent mechanical properties by optimizing various combinations of different materials to achieve desired mechanical functionalities. Examples include functionally graded materials (FGMs) [9] [10] [11] and materials with periodic microstructures (e.g., multilayered or laminated materials) 12, 13 . These heterogeneous high-performance materials show a common feature in their structure: they invariably contain continuous reinforcements, and generally two or more strengthening mechanisms are actively involved during deformation; these mechanisms can include strain partitioning 14 , strain transformation 12 , interface constraint 15 , additional hardening 16 , back-stress strengthening 17 , etc. While these studies have substantially advanced the fundamental science of heterogeneous materials, it remains a major challenge to extend these materials and technologies to industrial applications due to the high cost, difficulties in processing and low production efficiency. As a typical continuous reinforced composite, rebar steelreinforced concrete is one of the most important structural materials in the building trade, not only because of its good performance but also due to its low manufacturing cost. Therefore, can high-strength AMCs also be architected like steel-reinforced concrete to effectively achieve superior and practical performance, for example, in aircraft integrated design ( Fig. 1a) ?
Inspired by the idea of introducing strong continuous reinforcements into a matrix to significantly enhance the strength, herein we report on a novel method, specifically the microcasting process, to reinforce a commercially cast aluminum alloy by introducing a titanium-alloy strut (i.e., frame structures consisting of small balls, columns, beams or sheets made by titanium alloy) in the material using a low-cost, high-efficiency process. Our present method makes it possible to architect an AMC "like building a house" through the ability to quantitatively reinforce the matrix with precise location and direction. Simultaneously, our approach permits the creation of multilevel strengthening mechanisms in the AMC, which further allows us to generate strength levels higher than those of almost all commercial casting aluminum alloys developed to date. Following the above guidelines, other casting techniques may be developed to produce metals with high mechanical performance.
Materials and methods

Material preparation
A laboratory-made Chinese-designed casting aluminum alloy ZL114A and the commercial titanium alloy TC4 (Ti-6Al-4V) from Baoti group co. LTD in Baoji, China were chosen in this study. The Al alloy matrix used here is composed of (by weight) 6.91% silicon, 0.45% magnesium, and 0.11% titanium with a balance of aluminum; the Ti-6Al-4V reinforcement comprises 6.28% aluminum and 4.11% vanadium with a balance of titanium. Compared to pure Ti, Ti-6Al-4V shows a much higher strength and toughness and is widely used as a structural material in many areas. The ball-reinforced AMC was fabricated by sprinkling Ti-6Al-4V particles, which were prepared by gas atomization, into a molten Al alloy and holding the temperature at 800°C for 2 h in vacuo; the liquid alloy was subsequently poured into a square mold and finally air-cooled to room temperature. For the rodreinforced and plate-reinforced AMCs, Ti-6Al-4V wires and sheets were first cut from the block base metal (hotrolled commercial TC4) using a high-precision electric spark cutting machine (SKD3, Suzhou Sanguang Technology Co, Ltd.), and then, electrochemical polishing was performed to remove the oxide layer before the samples were regularly arranged and fixed on a holder. Next, the Ti wires and sheets were placed into the square molds together with the holder and then heated while the molten Al alloy was poured into the molds. The molten Al alloy with the Ti-6Al-4V frame was maintained at 800°C for 2 h in a vacuum environment before being cooled to room temperature using an Ar flow. For AMCs with "brick wall" and lattice structures, Ti frames were created by Magics software (Materialise, Belgium) and printed by a BLT-S210 machine (Xi'an Bright Laser Technologies Co., Ltd.) through the selective laser melting (SLM) process and by an Arcam A1 machine through the electron beam melting (EBM) process 18 , respectively. It should be noted that all the Ti frames were wetted by fine Al powder at 800°C in a vacuum environment before casting. This process is quite important and necessary to guarantee the flowability of liquid Al in or between Ti frames during casting and to ultimately influence the porosity of AMCs. A schematic representation of the microcasting process is summarized in Supplementary Fig. 1 . Different from traditional casting technology, microcasting works using the liquid-solid adsorption principle and thus makes it possible to cast in a small (submillimeter-scale) space and fabricate components with complex structures.
Compression, hardness tests, and DIC analysis
The specimens used in the compression tests were~3 × 3 × 6 mm 3 in size; they were spark-cut from the AMC ingots. Before compression testing, all specimens were electropolished in a solution of HClO 4 :CH 3 (CH 2 ) 3 OH: CH 3 OH = 1:6:10 (vol.) under a voltage of 20 V for 60 s at −25°C to produce a strain-free and smooth surface for microscopic observations. Uniaxial compressive tests were conducted at room temperature at a constant strain rate of 1 × 10 −3 s −1 using an Instron 8862 electrichydraulic testing machine equipped with a digital image correlation (DIC) component. Each test was repeated at least three times to ensure reliable results. Before performing the DIC imaging, a random pattern with appropriate scale and resolution is needed to cover the sample surface as strain markers. In this work, black paints were sprayed dispersedly on the whitened sample surface using a sprinkling can, forming a contrasting speckle pattern. The hardness was evaluated using an AMH43 fully automatic microhardness testing machine fitted with a Vickers indenter; a load of 100 g was applied with a holding time of 15 s.
High-resolution XRT analysis
In situ high-resolution X-ray tomography (XRT) tests were performed using a Zeiss Versa XRM-500 system with an accelerating voltage of 120 kV and power of 10 W. The distribution and size of the defects, as well as the damage features, were identified and analyzed by XRT at an accelerating voltage of 100 kV and voxel size of 6.82 μm. A total of 1600 projections were collected on a charge-coupled device detector using a 1 s exposure time.
Laser marking and CLSM observation
The plate-reinforced AMC sample was laser-marked with equidistant parallel lines on the surface before compression testing using a CNI EP-20 laser machine; this was used to assess the statistics of the local strain. Two-or three-dimensional surface damage morphologies of the compressed specimens were investigated by confocal laser scanning microscopy (CLSM) using an Olympus LEXT OLS400 microscope with a planar resolution of 120 nm and a height resolution of 10 nm.
SEM (including ECC, EDS, and EBSD) characterization
A LEO Supra 35 field-emission SEM (operated at 20 kV) from Zeiss equipped with electron channeling contrast imaging (ECCI), energy dispersion spectroscopy (EDS) and electron backscatter diffraction (EBSD) components was employed to characterize the microstructure. The TSL-OIM analysis software was applied to perform the EBSD analysis to obtain information on the lattice distortion and grain rotation.
TEM sample fabrication and TEM observations
Samples prepared for TEM investigations were all spark-cut from the compression test specimens, before and after testing, from a section parallel to the loading direction, with an original thickness of 500 μm. The resulting thin plate was ground mechanically to~30 μm in thickness and then further thinned by ion milling with a precision ion polishing system (Gatan 691) at −100°C. TEM observation was carried out using an FEI Tecnai T12 TEM operated at a relatively low accelerating voltage of 120 kV in an attempt to reduce the influence of the electron beam on the samples.
Results
Structure and mechanical properties of AMCs with continuous reinforcement
Three kinds of AMCs consisting of Al-Si matrix and Ti-6Al-4V reinforcements, as well as Al-Si alloy without reinforcement, were fabricated by a microcasting process ( Fig. 1b-h ). The detailed processes in making such materials are given in the Methods section and in Supplementary Fig. 1 . Reinforcements with three different shapes or macrodimensions, i.e., zero-dimensional (0-D) ball, 1-D rod, and 2-D sheet, were added into the matrix separately, as described below.
• Type 1-ball reinforcement: Ti-6Al-4V particles with diameters of~140-170 μm were dispersed with an average spacing of 110 μm in an aluminum matrix.
• Type 2-rod reinforcement: Ti-6Al-4V pillars, with cross-sectional dimensions of 180 × 270 μm 2 , were arranged periodically in the matrix with a spacing of 420 μm.
• Type 3-sheet reinforcement: Ti-6Al-4V plates, with a thickness of 300 μm, were layered alternately with matrix (thickness 450 μm).
All interfaces between the Al/Ti phase were removed by the formation of the Al 3 Ti intermetallic phase (with an average thickness of~50 μm for the present casting parameters), which is formed by the diffusion of titanium atoms from the reinforcement to the matrix when the temperature exceeds the melting point of aluminum 19, 20 . Supplementary Fig. 2a -c present scanning electron microscopy (SEM) images showing the morphology and element distribution in the three AMCs. It should be noted that the large-scale Al 3 Ti coating precipitated on the Ti-6Al-4V particles was designed with the purpose of not only "bridging" the matrix and reinforcements like glue but also connecting the Ti-6Al-4V particles themselves together to form several larger reinforcements. That is, the Ti balls themselves in AMC constitute a quasi-continuous strut by connection with Al 3 Ti. We find that both the Al/Al 3 Ti and Ti/Al 3 Ti interfaces were well connected, with no evidence of cracks found at the macro-and microscales ( Supplementary Fig. 2a-e ). Diffusion of Si atoms from Al 3 Ti to Ti/Al 3 Ti interfaces was observed, however, as shown by the inset in Supplementary Fig. 2a ; this was due to the low solubility of Si in intermetallic Al 3 Ti 21,22 , accompanied by the formation of nanosized silicides, especially near the Al/Al 3 Ti and Ti/ Al 3 Ti interfaces ( Supplementary Fig. 2f ). The Al/Al 3 Ti interface is supposed to be a well-bonded but incoherent boundary, considering their (Al and Al 3 Ti) similar crystal structures 23 but no fixed relation on crystallographic orientation between the Al and Al 3 Ti on both sides of the interface ( Supplementary Fig. 3 ). In contrast, the combination between the Ti and Al 3 Ti interface is much weaker, not only because of the large difference in crystal structure but also due to the concentration of Si at the interface. Thus, fine Al 3 Ti grains were usually found near the Ti/Al 3 Ti interface ( Supplementary Fig. 3j ).
The compressive stress-strain behavior, shown in Fig. 2a , indicates that the strength of the Al matrix has been improved remarkably by the Ti alloy reinforcements. The hardenability, as quantified by the work-hardening rate, is c Comparison of yield strength as a function of the volume fraction of reinforcement for the present continuous (or semicontinuous) reinforced AMCs produced by microcasting and disperse reinforced cast AMCs fabricated by other methods, in addition to commercial casting aluminum alloys. Note that as the real-time strain in compression, measured in the stress-strain curves, was determined using digital image correlation (DIC) analysis of the average strain of the entire compression sample, the actual strain (deformation) may be larger than that measured after yielding, where the recognition rate of DIC decreases (see the corresponding references 24,28,40-50 for further information).
superior for all samples subjected to Ti reinforced at the early stage of deformation (true strain < 3.0%), while it decreases rapidly until failure ( Fig. 2b) . Figure 2c compares the yield strength of many other cast AMCs strengthened by various reinforcements, which demonstrates that in general, continuous reinforcements can be optimized to produce superior matrix strengthening effects compared to those when using discrete reinforcements. According to the statistics quoted by Zolotorevsky et al. 24 , nearly all commercial and laboratory cast Al-Si alloys display a 0.2% yield strength in the range from 55 to 310 MPa, with the highest strength of commercial alloys (550 MPa) exhibited by the Ni-bearing Al-Zn-Mg highstrength alloy. Clearly, optimized additions of continuous reinforcements to an Al-Si matrix would offer the potential to generate Al-Si alloys, with their good casting performance, that possess the mechanical performance of high-strength aluminum alloys.
Macrofailure and microdamage mechanisms
To discern the specific effects of the three types of reinforcements on the mechanical behavior of AMCs, we need to investigate their macro/microstructure evolution and the salient deformation mechanisms underlying their properties. Figure 3a -c presents image quality (IQ) maps obtained by in situ electron backscattered diffraction (EBSD), which show clear evidence of deformation in the Al matrix, indicated by its darkened area and distorted morphology, with minimal evidence of corresponding strain in the Ti-6Al-4V particles. For an intuitive comparison, two regions (blue box and red point in Fig. 3a ) in both the matrix and the reinforcement (α-Ti) were tracked to follow the crystal rotation during compression, caused mainly by slip inside the grain with compatible deformation restricted by neighboring grains. For the selected Al matrix with a facecentered cubic (fcc) structure, remarkable crystal rotation occurred that was associated with the rotation of the operating slip system during compression (Fig. 3d) ; the initial squeezing direction (black points) first activates the (111) Fig. 3e ), a multiple slip system was activated up to a total strain of 10%, which corresponds to the results of Schmid factor analysis, i.e., both grains I and II show a double-slip orientation (Fig. 3f) . In contrast, no obvious crystal rotation was found in the α-Ti during compressive loading for strains up to 10% (Fig. 3d ). The fact that deformation is principally concentrated in the matrix is further shown by the CLSM images in Fig. 3e and Supplementary Fig. 4 , which indicate the condition of the surface following the copious slip in the matrix, compared to the markedly flat surface of the reinforcement. Microcracks located at Ti/ Al 3 Ti interfaces are generally found on the surface, with several extended into the Al matrix ( Supplementary Fig.  4c ). The macroscopic fracture process was recorded through in situ DIC technology ( Fig. 3g) and indicates a shear-band-mediated fracture (i.e., the main fracture developed progressively by the initiation, deflection and connection of microcracks), commonly observed in highstrength materials 25, 26 .
In situ high-resolution XRT technology was employed to investigate the deformation and fracture mechanisms of the rod-reinforced AMC (Fig. 4) , with particular interest in the internal Ti-6Al-4V strut. Initially, uniform elastic and plastic deformation can be seen to occur in both the matrix and reinforcement for strains up to 2% (comparing Fig. 4b, c ). Once a strain of 5.2% reached, the Ti alloy rods began to kink (Fig. 4d) ; with a further increase in strain to 7.2%, local shearing may be observed in a few Ti-6Al-4V rods, accompanied by small cracks in the Al 3 Ti or at the Ti/Al 3 Ti boundaries (Fig. 4e ). During further compression, the neighboring rods also start shearing and cracking, forming a macroscale shear band by compatible deformation and finally leading to an overall failure (Fig. 4f) . From a 3-D perspective, it can be learned that kinking and shearing may first occur in Ti rods in the strain-concentration zone and then develop to a macroscopic shear band along the weakest shearing plane at the latter plastic deformation stage (Fig. 4g, h) . Compared to the reinforcement, the Al matrix exhibits an improved capacity for plastic deformation, with many fewer cracks forming in the interior or on the surface (Fig. 4f, i) . That is, the Al matrix between Ti rods supports the loading and, more importantly, effectively retards microcrack coalescence by breaking cracks in neighboring Ti rods (Fig. 4e, f) .
The CLSM images in Fig. 5 show the evolution of the surface morphology for the plate-reinforced AMC under compression; this surface was laser-marked prior to testing for the measurement of local strains. Macroscopically, no significant damage features were observed at the early stage of deformation, apart from the decrease in height of the specimen. Further deformation, however, led to the separation of the Ti/Al layers following the kinking in the Ti-6Al-4V sheets (Fig. 5a ), which corresponds to the rapid decline in hardening modulus, as shown in Fig. 2b . Comparing the height contour on the side surface before and after deformation (insets in Fig. 5a ), strain localization was presumed to take place primarily in the region where kinking occurred. Quantitative statistical analysis of the strain evolution tracked in areas I and II, as pointed in Fig. 5a , confirmed that strain localization occurred even at the very start of the compression loading (Fig. 5b) , which served to limit the plasticity of the whole sample ( Fig. 2a, b ). Microscopically, microcracks were observed to initiate in the Al 3 Ti, or at the Ti/Al 3 Ti interfaces, at a small strain (less than 2.7%) before coalescing and propagating rapidly along the Ti/ Al 3 Ti interfaces, driven by the kinking of the Ti layer ( Fig. 5c-f ).
In situ observation by optical microscopy (OM) enables an intuitive understanding of various fracture behaviors for reinforced AMCs on a macroscopic level (videos in Supporting Information). For the pure Al-Si alloy, multiple shear bands operated during compression. As a comparison, only one macroscopic shear band was observed until fracture in the ball-reinforced AMC due to the strain concentration and sacrifice of toughness. The rod-reinforced AMC failed through shearing as a whole, accompanied by some local separation along the vertical direction. For the plate-reinforced AMC, penetrated separation occurred before further deformation, causing failure. The fracture modes obtained from OM observations are summarized in Supplementary Fig. 5 . Figure 6 presents a series of transmission electron microscopy (TEM) images demonstrating the different microdamage mechanisms in the three AMCs after compression. In the ball-reinforced AMC, plastic deformation was confined to the Al matrix in the form of dislocation slip, principally on the primary slip plane (Fig. 6a ). However, few such slip traces are clearly observed in the Al 3 Ti and Ti-6Al-4V reinforcement, except for some dislocation pile-ups in the aluminum at the Al/Al 3 Ti boundaries (Fig. 6b, c) , which originated from Frank-Read sources within the grains and/or boundary ledges at interfaces. In the rod-reinforced AMC, veins and multiple slip bands dominated the dislocation configurations in the matrix (Fig. 6d, e ) due to the complex straining conditions caused by normal stress from external loading combined with shear stress from neighboring Ti rods. Additionally, slip and twinning (the major deformation mode of Al 3 Ti as pointed out by Yamaguchi et al. 27 ) were observed in the Ti-6Al-4V and Al 3 Ti phases, as shown in Fig. 6f , g, suggesting that both the reinforcement and the precipitate participate in the strengthening and toughening of the AMC. In contrast, only minimal dislocation activity, from slip and resulting pile-ups, was evident in the Al and Ti layers of the platereinforced AMC (Fig. 6h , i) due to their limited ductility.
Discussion
The ball-ball reinforcement displayed a low strengthening effect on the matrix, which is similar to most particle reinforcements in AMCs (Fig. 2b) . The main restriction in strengthening may come from the strain localization, as mentioned above. A viable approach to diminish strain localization in the matrix is to reduce the particle size. However, decreasing the size or increasing the number of added reinforcement particles is invariably concomitant with an increase in porosity, especially for aluminum alloys with poor wettability [28] [29] [30] . In addition, the large discrepancy in hardness (or strength) between reinforcement and matrix further compromises the strengthening induced by the particles 2 . Compared to the ball-reinforced composites, both the rod-and plate-reinforced AMCs show excellent strength, although layer dissection occurred in the plate-reinforced AMCs during the initial stages of plastic deformation due to the brittle nature of the Al 3 Ti phase, which limited further plasticity and resultant strain hardening. The specific macro-and microscale strengthening mechanisms involved in these continuous metal-reinforced composites are summarized in Supplementary Fig. 6 .
At the macroscopic level, the hardening but crisp constituents, Ti-6Al-4V and Al 3 Ti, take full part in strengthening by building continuous bearing structures in the composite but also exhibit some plastic deformation ability with the help of the ductile Al matrix, considering that kinking and plastic shearing (without connected macrocracks) occur during compression (Fig. 4e, f) . From the rule of mixtures (ROM), the average flow stress σ of the entire AMC, in its simplest form, can be expressed as
where σ 1 , σ 2 , σ n and f 1 , f 2 , f n are the flow stress and volume fraction of materials 1, 2, up to n, respectively. Table 1 shows the calculated results compared with the measured values for the three AMCs. Specifically, the measured yield strengths of the rod-or plate-reinforced AMCs are much higher than the sum of the strength of individual Al, Ti, and Al 3 Ti units, as calculated using ROM: the actual strength of the rod-reinforced AMC is 402 MPa, compared to a calculated ROM strength of 315 MPa, whereas the actual strength of the plate-reinforced AMC was 617 MPa compared to a ROM value of 545 MPa. The ball-reinforced AMC exhibits a measured yield strength of 170 MPa, which is much lower than the ROM calculated value of 447 MPa. The overvalued strength of ball-reinforced AMC is supposed to result from the strain localization as mentioned above, while the difference between the theoretical prediction by the ROM and the measured value for the rod-or platereinforced AMC indicates the existence of other strengthening mechanisms in addition to the ROM. Similarly, the strength of the heterogeneous materials much higher than the sum of the value of separate units was also found in steels and Ti 16, 31, 32 .
In fact, the macroscopic properties of materials (e.g., strength of composites) not only depend on the compositions/crystal structures but are also influenced by the arrangement of functional units/ordered structures. Constructing ordered structures with functional units (OSFUs) may lead to abnormal (exceptional) mechanical properties 33 . It has been theoretically and experimentally proven that a composite with soft or compliant layers, one kind of OSFU material, has much higher fracture resistance and fracture strength than does the homogeneous brittle material, and the stiffness of the structure remains high 34, 35 . According to Kolednik et al. 34 , the crack driving force decreased greatly when the crack entered the soft layer. For the present rod-reinforced AMC, short cracks caused by shearing were found to be arrested in the Al matrix (Fig. 4e, f , precipitated within the Al 3 Ti during the casting process (Supplementary Fig. 2f ), forming a secondary particle-reinforced structure in the present AMCs, which further contributes to strengthening. For the Al 3 Ti/silicide composite, the incompatibility in deformation between the plastically deforming matrix and the essentially rigid particles leads to the creation of intense strain gradients in the metallic matrix. According to Bourgeois 36 , the composite yield stress mainly depends on the volume fraction and modulus of the particle, as well as the shear modulus difference between the matrix and particle, in addition to the in situ matrix yield stress. In his theory, a large modulus difference between the matrix and reinforcement will significantly limit strengthening. Since Al 3 Ti is a rigid matrix with a hardness of~4.9 GPa 37 , the difference between its shear modulus and that of the nanoscale silicide is likely to be relatively small compared to most particle-reinforced metal-matrix composites, which may provide for better strengthening. Moreover, hardness tests showed that the silicide-reinforced Al 3 Ti in the ballreinforced AMC was harder than pure Al 3 Ti (Supplementary Fig. 7) . Influenced by the diffusion behavior of Ti atoms, the Al/ Al 3 Ti interfaces left by the precipitation of Al 3 Ti were very rough ( Supplementary Fig. 2a-c) . These rough interfaces improve the adhesive strength of Al/Al 3 Ti effectively by interlocking the two phases, and more importantly, they help induce a macroscale strain gradient, which is essential to the generation of geometrically necessary dislocations (GNDs). In the simplest case, Al and Al 3 Ti were alternately distributed along the Ti/Al 3 Ti interface with a regular concave-convex geometry (Supplementary Fig. 6 ). When the AMC is compressed, the actual stain at different positions is quite different. For example, the regions far from the interface show a strain close to the average value (bulk strain); near the interface, however, the strain in the Al matrix is much larger than the strain close to the Al 3 Ti due to their vastly different yield strength. As a result, a strain gradient forms during deformation. Then, the finite element method (FEM) was used to seek an intuitive understanding of the strain distribution in layered materials with rough interfaces ( Supplementary Fig. 8 ). According to our previous work 16 , long-range GNDs, named meso-GNDs to distinguish them from the traditional GNDs proposed by Ashby, whose formation relates to the short-range strain discontinuity, would inevitably be introduced in the AMC by mesoscopic strain gradients, leading to additional strain hardening.
In addition to their roughness, the interfaces in the AMCs (including but not limited to Ti/Al 3 Ti boundaries) commonly show microscopic ledges. These features, termed boundary ledge sources, are considered to be a source of dislocation arrays leading to the interfaceaffected zone (IAZ) 38 . IAZs are deemed to experimentally affect the Petch slope in the Hall-Petch relationship and, as such, influence the flow stress mechanistically by changing the microscopic strain gradient in terms of the dislocation density and their distribution. Though the theory and model 38, 39 for IAZ strengthening had been developed for a long time, convincing experimental evidence was only given very recently by Huang et al. 13 , who verified the existence of IAZs in copper-bronze laminates using in situ high-resolution strain mapping technology. These authors further estimated that the derived lengthscale (width) of the IAZ is on the order of a few micrometers. Such interfaces can generate both back-stress strengthening and work hardening, both of which result in higher strength. In short, compared with conventional homogeneous Al alloys, the Ti frame-reinforced AMC possess several multiple-scale strengthening features that are essential for producing extraordinary strength: (i) macroscopic strut reinforcement accompanied by nanoparticles (secondary reinforcement), (ii) mesoscopic strain-gradient strengthening, and (iii) microscopic interface ledge sources.
Our preliminary results also suggest that there is an optimal design of the frame structures in which the reinforcement can be oriented preferentially to resist the actual loading states and working conditions. To achieve this, 3-D printing technology can be applied to the current microcasting method for creating a custom frame with a complex structure. Typical examples include Al-Ti composites with "brick wall" and lattice structures (Supplementary Fig. 9 ), which we have recently fabricated using SLM and EBM methods, respectively.
Our belief here is that there should be an optimum combination of microstructures in the Al matrix, Ti reinforcement and Al 3 Ti precipitates that produces the best strengthening effect without compromising the ductility. For instance, all the currently described AMCs show higher strength without sacrificing ductility after heat treatment ( Supplementary Fig. 10 ). It should also be noted here that the present ball reinforcements show a strengthening capacity in AMCs similar to that of traditional particle reinforcements, which essentially have their origin from the breaking of ball-ball connections during matrix deformation and thus largely weaken the strengthening effect due to the lack of macroscopic strut reinforcement. If the Ti-6Al-4V balls can be fixed to each other, which can be easily realized by further formation of Al 3 Ti on a Ti-6Al-4V ball through diffusion of Ti atoms above the Al liquefaction temperature of Al, their strengthening effect is likely to be greatly improved, although further studies are needed to verify this hypothesis.
In conclusion, the current work introduces a new technology, microcasting, to produce AMCs with complex structures and extraordinary strength. Considering the flexibility of the strut shape, microcasting provides unique advantages for reinforcement in the demand position and direction for casting alloys. Because the processing technique can impart multiple reinforcements, the strengths of the resulting Al composites can reach values as much as 4-6 times higher than that of the Al-Si alloy matrix. Specifically, the current rod-reinforced AMC exhibits the highest yield strength of all cast Al-Si alloys, and the plate-reinforced AMC displays the highest strength of all cast commercial aluminum alloys. Moreover, our microcasting method to process AMCs is both cost-effective and readily scalable, and it is therefore expected to be conducive to industrial production.
